Introduction
============

Carotid artery stenosis is an atheromatous narrowing of the common carotid artery or internal carotid artery and is responsible for 10--20% of all strokes.^[@bib1])^. Rupture of unstable carotid plaque may precipitate thrombus formation, resulting in embolization and cerebral infarction.^[@bib2],\ [@bib3])^. The risk of stroke among affected people is determined by their history of focal neurological symptoms, their absolute cardiovascular risk, and use of effective cardiovascular medical therapy.^[@bib4],\ [@bib5])^. In the large international REACH registry of outpatients with established cardiovascular disease (or ≥ 3 traditional risk factors), individuals with asymptomatic carotid stenosis had a 1-year absolute stroke risk of over 3%, and a \> 50% relative risk of stroke compared to those without carotid stenosis.^[@bib6])^. Those with symptomatic disease, defined by an ipsilateral neurological event within the last 6 months thought to be related to the carotid artery, have a higher absolute stroke risk, whereas those with asymptomatic disease have a lower, yet still clinically important absolute stroke risk. Patients with asymptomatic carotid stenosis can be further classified into two distinct subgroups according to their absolute stroke risk: patients with prior symptoms (previous contralateral neurological symptoms, or ipsilateral symptoms \> 6 months ago) or evidence of silent brain infarction on cross-sectional imaging; and individuals with no clinical or imaging evidence of previous neurological events (i.e. truly asymptomatic).^[@bib5])^.

Carotid artery interventions, such as carotid end-arterectomy (CEA) and, more recently carotid artery stenting (CAS), have been used for over half a century to reduce the risk of stroke in individuals with carotid stenosis. Since the initial development of these interventions, there has been considerable debate around whether CEA, CAS, or medical therapy alone is best in patients with symptomatic and asymptomatic carotid stenosis. This review summarises the historical development of carotid interventions, evidence gained from large randomised clinical trials, and current guidelines and future directions for the interventional management of carotid stenosis.

History of Carotid Interventions
================================

Carotid stenosis was first recognised as a cause of stroke in the early twentieth century by Hans Chiari and James Ramsay Hunt. In 1905, Chiari discovered carotid artery thrombosis on several post-mortem examinations, and hypothesised that emboli could dislodge and cause apoplexy.^[@bib7])^. Hunt published a report in 1914 detailing that four out of 20 patients presenting with hemiplegia had absent or diminished carotid pulsations on examination, suggesting that the two pathologies were linked.^[@bib8])^. Despite these findings, the clinical importance of carotid atherosclerosis was largely discounted for the next 40 years, until 1951 when Miller Fisher published his landmark case series describing eight patients with carotid artery occlusions and associated hemiplegia.^[@bib9])^. Fisher investigated his patients extensively, either through invasive angiography or post-mortem examination, and to his surprise found no intracranial arterial lesions to explain the neurological events. He concluded that, "*Hemiplegia of unknown cause in persons in the younger age group is often due to disease of the internal carotid artery*". Fisher went further to suggest that "*It is even conceivable that someday vascular surgery will find a way to by-pass the occluded portion of the artery during the period of ominous fleeting symptoms*".

Reconstructive carotid surgery was pioneered by three groups across three different continents. The first successful carotid reconstruction was performed by Carrea, Molins and Murphy in October 1951.^[@bib10])^. Carrea operated on a man presenting with acute hemiplegia. He excised the diseased carotid artery segment and performed an end-to-end anastomosis of the internal carotid artery and common carotid artery, with the patient regaining almost all of their function.^[@bib10])^. The operation that attracted international acclaim however was that performed by Eastcott, Pickering and Rob in May 1954.^[@bib11])^. Eastcott and Rob operated on a 66-year-old woman who had suffered daily transient ischaemic attacks (TIAs) (33 episodes in the preceding months). They performed a similar carotid resection and end-to-end anastomosis with the patient under total-body-immersion hypothermia. The procedure was showcased in front of an international audience of cardiovascular surgeons, and was deemed highly successful, with the patient surviving and having no symptoms for over a decade.^[@bib11])^. The first conventional CEA was claimed by Dr Michael DeBakey in 1953, but remained unpublished for another 12 years.^[@bib12],\ [@bib13])^. DeBakey similarly operated on a patient with recurrent TIAs, performing a vertical arteriotomy and removal of endoluminal atherothrombotic material. DeBakey\'s patient also demonstrated a remarkable recovery, experiencing no further TIAs or strokes for the remaining 19 years of his life.^[@bib13])^.

Over the following three decades, several further advances were made in the field of carotid surgery, including the use of temporary intra-operative shunts by Denton Cooley in 1956, patch closure by DeBakey, Crawford and Cooley in 1959, eversion endarterectomy by Etheredge in 1970, and intraoperative electroencephalogram monitoring by Callow in 1980.^[@bib14]--[@bib17])^. Early developments were also made on endovascular devices. Morris, Lechter and Debakey performed an open carotid angioplasty in 1968, and Mathias demonstrated percutaneous carotid angioplasty in 1977.^[@bib18],\ [@bib19])^. The use of carotid stents was not reported until 1994, when Marks *et al.* deployed Palmaz metal stents in two patients with carotid artery dissections and stenosis.^[@bib20])^. This series of landmark studies generated considerable interest around endarterectomy and stenting as a means to treat carotid stenosis. However large-scale randomised evidence was needed to confirm long-term benefit and justify widespread implementation.

Carotid Intervention Trials
===========================

The efficacy and peri-procedural risks of carotid interventions have been established over four decades of randomised clinical trials. In the 1980s and 1990s, CEA was compared to medical therapy alone, first in symptomatic patients and subsequently in asymptomatic patients. Then in the 2000s and 2010s, CEA was compared to CAS in symptomatic and asymptomatic patients. We have now turned full circle, with several current clinical trials reassessing the benefits and risks of carotid interventions compared to contemporary medical therapy alone in symptomatic and asymptomatic patients (**[Fig. 1](#F1){ref-type="fig"}**). While observational studies provide insight into the absolute stroke risk and risk factors for individuals with carotid stenosis, they have limited value in assessing the efficacy and safety of carotid interventions. The inherent bias of observational studies, i.e. through confounding, reverse causation, recall and detection bias, are large in magnitude, and may outweigh the moderate, yet clinically important effects of carotid interventions. Randomised clinical trials on the other hand guarantee strict control of bias, and minimise the influence of random error when adequately powered. Accordingly, any recommendations or guidelines on the use of carotid interventions should be based on reliable evidence from large, well-designed randomised trials, as well as meta-analyses of randomised studies.

![The cycle of large-scale carotid intervention trials.\
The long-term efficacy and procedural risks of carotid interventions have been assessed over four decades of large, randomised clinical trials. With improvements in best medical therapy, carotid surgery is again being compared to best medical therapy alone in people with symptomatic and asymptomatic carotid stenosis. CEA, carotid endarterectomy; MT, medical therapy; CAS, carotid artery stenting.](jat-24-373-g001){#F1}

CEA vs Medical Therapy Alone for Symptomatic Carotid Stenosis
=============================================================

Three randomised clinical trials in the 1980s compared CEA to medical therapy alone in patients with symptomatic carotid stenosis. These included the North American Symptomatic Carotid Endarterectomy Trial (NASCET), the European Carotid Surgery Trial (ECST), and the smaller Veterans Affairs 309 (VA309) trial. In NASCET and ECST, men and women with minor stenoses below 50% were included, whereas in VA309 only men with \> 50% stenosis were included.^[@bib21]--[@bib25])^. All three trials demonstrated that CEA substantially reduced the risk of stroke in patients with stenosis ≥ 70%. The long-term benefits were partially offset by the procedural risks of surgery, which ranged from 4.5% to 7.0% in the surgical groups compared to 2.4% to 6.1% in the medical therapy groups. In the NASCET trial, a differential effect was demonstrated for CEA according to the degree of stenosis. For participants with ≥ 70% stenosis, 50--69% stenosis and \< 50% stenosis, the absolute risk reductions in ipsilateral stroke from carotid surgery were \> 15% (*p* \< 0.001), 6.5% (*p* = 0.045), and 3.8% (*p* = 0.16) respectively.^[@bib22])^. Similarly, ECST demonstrated that patients with severe carotid stenosis ≥ 80% had significantly lower rates of stroke after CEA, however angiographic assessment methods differed from NASCET. On average, a 70% stenosis measured by NASCET criteria was equivalent to 82% stenosis with ECST criteria.^[@bib25],\ [@bib26])^. After three years of follow-up, the rates of ipsilateral stroke and perioperative death were 6.8% in the surgical group vs 20.6% in the medical group (*p* \< 0.001; **[Table 1](#T1){ref-type="table"}**).^[@bib21])^. No benefits were seen in participants with minor or moderate carotid stenosis. The smaller VA309 trial reported a large reduction in ipsilateral stroke and crescendo TIA in participants randomised to CEA (7.7% vs 19.4%, *p* = 0.028), which was greatest in participants with carotid stenosis \> 70% (7.9% vs 25.6%, *p* = 0.010).^[@bib23])^.

###### Randomised clinical trials comparing carotid endarterectomy to medical therapy alone in patients with carotid artery stenosis.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Trial              Recruitment   *n*             Follow-up          Procedural Hazards                                  Long-term Stroke Rate   *p*-value                                                                                                     
  ------------------ ------------- --------------- ------------------ --------------------------------------------------- ----------------------- ----------- ----------------------------------------------------------------------- ------------ ------------ -------------
  Symptomatic                                                                                                                                                                                                                                                   

  VA309              1988--1991    189             Mean 1.0 year      30d crescendo TIA, stroke & death                   6.6%                    6.1%        Ipsilateral stroke, crescendo TIA or perioperative death                7.7%         19.4%        0.028

  ECST-1 (≥ 80%)     1981--1994    574 (of 3024)   Mean 6.1 years     30d major stroke & death                            4.5%                    0%          Ipsilateral stroke or perioperative death                               6.8%         20.6%        \< 0.0001

  NASCET (≥ 70%)     1987--1991    659             Mean 1.5 years     30d stroke & death                                  5.8%                    3.3%        Ipsilateral stroke                                                      9.0%         26.0%        \< 0.001

  NASCET (50--69%)   1987--1996    858             5 years            30d stroke & death[\*](#tf1){ref-type="table-fn"}   6.7%                    2.4%        Ipsilateral stroke                                                      15.7%        22.2%        0.045

                                                                                                                                                                                                                                                                

  Asymptomatic                                                                                                                                                                                                                                                  

  VA trial           1983--1987    444             Mean 4.0 years     30d permanent stroke & death                        4.7%                    1.3%        Ipsilateral TIA, transient monocular blindness, stroke                  8.0%         20.6%        \< 0.001

  ACAS               1987--1993    1662            Median 2.7 years   30d stroke & death                                  2.3%                    0.4%        Periprocedural stroke or death, and post-operative ipsilateral stroke   5.1%         11.0%        0.004

  ACST-1             1993--2003    3120            Median 6.1 years   30d stroke & death                                  2.6%                    0.7%        Any stroke or perioperative death                                       5y: 6.9%\    5y: 10.9%\   5y: 0.0001\
                                                                                                                                                                                                                                      10y: 13.4%   10y: 17.9%   10y: 0.009
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CEA, carotid endarterectomy; MT, medical therapy; TIA, transient ischaemic attack; NASCET, north american symptomatic carotid endarterectomy trial; ECST, european carotid surgery trial; VA, veterans affairs; ACST, asymptomatic carotid surgery trial; ACAS, asymptomatic carotid atherosclerosis study.

Procedural hazards include an extra 250 patients with \< 50% stenosis.

A pooled analysis of individual patient data from NASCET, ECST, and VA309 was conducted by Rothwell *et al.* to identify the optimal cut-off for performing CEA in patients with symptomatic carotid stenosis (combined sample = 6092 participants).^[@bib27])^. These analyses demonstrated that CEA was beneficial in patients with stenosis ≥ 70% (absolute risk reduction 16.0%, *p* \< 0.001) and 50--69% (absolute risk reduction 4.6%, *p* = 0.04). Intervention was not effective in those with 30--49% stenosis, and was associated with higher risk of stroke in individuals with stenosis \< 30% (*p* = 0.05).^[@bib27])^. In addition, Rothwell *et al.* demonstrated that risk reduction was greatest if surgery was performed early, and recommended that CEA should ideally be performed within 2 weeks of the onset of neurological symptoms.^[@bib28])^. Collectively, these trials and accompanying meta-analyses provide high level evidence to justify widespread and expeditious use of CEA in patients with symptomatic carotid stenosis.

CEA vs Medical Therapy Alone for Asymptomatic Carotid Stenosis
==============================================================

Individuals with asymptomatic carotid stenosis have a lower absolute stroke risk. Therefore, any potential absolute risk reduction from carotid intervention is likely to be moderate, but still potentially worth-while. Importantly, this population is defined as individuals with carotid stenosis who have not had focal ipsilateral neurological symptoms within a set time period (usually 6 months), but a considerable proportion of such patients will have had prior neurological events or evidence of silent brain infarcts on cross-sectional imaging. Three randomised clinical trials conducted in the 1990s investigated whether CEA could reduce the risk of stroke in patients with asymptomatic carotid stenosis; namely the Veterans Affairs (VA) Cooperative Study Group, the Asymptomatic Carotid Atherosclerosis Study (ACAS), and the Asymptomatic Carotid Surgery Trial-1 (ACST-1).^[@bib29]--[@bib32])^. These trials predominantly recruited participants with a stenosis ≥ 50%, although ACST-1 had no fixed minimum cut-off. Peri-procedural event rates in the surgical group were much lower than those reported in the symptomatic trials, ranging from 2.3% to 4.7% in patients receiving surgery (**[Table 1](#T1){ref-type="table"}**).

The VA Cooperative Study Group reported reductions in their composite endpoint of neurological events (TIA, amaurosis fugax and stroke) in 444 participants who were followed-up for a mean of 4 years. Event rates were 8.0% vs 20.6% in participants randomised to surgery and medical therapy, respectively. However when only stroke events were considered, the difference was no longer statistically significant (8.6% vs 12.4%), possibly explained by the small sample size and low event rates (47 strokes).^[@bib29])^. In the ACAS trial of 1662 participants, CEA halved the risk of ipsilateral stroke over a median follow-up of 2.7 years (5.1% CEA vs 11.0% medical therapy; *p* = 0.004), despite five CEA patients suffering a stroke during preoperative arteriography.^[@bib30])^. ACST-1 reported similar absolute and relative reductions in stroke risk. After 5-years follow-up, the risks of stroke in patients allocated surgery and medical therapy were 6.9% and 10.9%, respectively (*p* = 0.0001), and after 10-years follow-up the risks were 13.4% and 17.9%, respectively (*p* = 0.009).^[@bib31],\ [@bib32])^. Contrary to the symptomatic carotid surgery trials, no associations were observed between the degree of carotid stenosis and efficacy of CEA in either ACAS (on arteriography) or ACST-1 (on carotid duplex). Importantly, ACST-1 confirmed that CEA was equally effective among males and females, with both subgroups demonstrating similar 10-year absolute risk reductions in any stroke or periprocedural death (female = 5.8%, *p* = 0.05; males = 5.5%, *p* = 0.02). One unexpected finding from the ACST-1 subgroup analyses was a reduction in contralateral strokes among patients allocated CEA (rate ratio =0.61 95% confidence interval \[CI\] 0.37--1.02). Traditionally, it was believed that CEA only reduced the risk of ipsilateral ischaemic strokes, however these findings suggest that CEA may potentially also reduce the risk of contralateral stroke through changes in cerebral blood flow via the Circle of Willis.

A number of limitations have been raised concerning the generalisability of the asymptomatic carotid surgery clinical trials for contemporary real world practice. First, surgeons were screened for low complication rates before they were permitted to recruit patients.^[@bib33])^. In ACAS, almost 30% of surgeons who applied to operate in the trial were not allowed to join the trial based on their previous carotid surgery record, however in ACST-1 very few surgeons failed such credentialing.^[@bib31],\ [@bib34],\ [@bib35])^. Second, there have been major improvements in cardiovascular risk control over time, and annual stroke rates in individuals with asymptomatic carotid stenosis now appear to be lower than in trial reports.^[@bib36])^. In ACST-1, less than 10% of participants were taking lipid lowering therapy at baseline, but by the end of follow-up over 80% reported taking lipid lowering therapy.^[@bib32])^. It has been suggested that increased uptake of triple medical therapy (i.e. an antiplatelet agent, antihypertensive, and statin) has led to reductions in stroke risk in this population, and that the absolute benefits of surgery may now be lower than expected.^[@bib37])^. Subgroup analyses of ACST-1 demonstrate that individuals taking lipid lowering therapy had lower absolute risks of perioperative events (2.5% on lipid-lowering therapy vs 4.2% not on lipid-lowering therapy) and strokes (10.5% on lipid-lowering therapy vs 21% not on lipid-lowering therapy) compared to those not taking a statin, but similar relative risk reductions from carotid surgery (ratio of annual stroke rates =0.52, 95% CI 0.33--0.81).^[@bib32])^. Hence allocation to CEA was still associated with a significant absolute reduction in strokes at 5 years (−3.4%, *p* = 0.0005) and 10 years (−5.8%, *p* = 0.002) follow-up. It is interesting to note that similar improvements have also been made with regards to the safety of CEA. Between 1991--2010, there has been a 6% proportional annual reduction in procedural events (stroke and death) from CEA, with registry data yielding similar event rates to those seen in recent randomised clinical trials.^[@bib38])^

CEA vs CAS for Symptomatic Carotid Stenosis
===========================================

Whilst endovascular techniques have revolutionised the management of coronary artery disease and peripheral artery disease, the development of effective endovascular treatments for carotid stenoses has been protracted and less influential, largely due to the risks of cerebral embolization and procedural stroke.^[@bib39])^. Early trials evaluating percutaneous carotid interventions reported high procedural stroke rates, and subsequent trials have been complicated by varying levels of technical expertise among interventionalists.^[@bib40]--[@bib42])^.

The first large randomised clinical trial comparing percutaneous carotid intervention to CEA was the Carotid and Vertebral Artery Transluminal Angioplasty Study (CAVATAS), which randomised 504 patients with carotid stenosis to endovascular treatment (angioplasty or CAS) vs CEA.^[@bib41],\ [@bib43])^. Early on in the trial, the investigators recognised higher rates of stroke in patients receiving balloon angioplasty compared to primary CAS, and there was a transition from angioplasty at the start of the trial to CAS toward the end of the trial.^[@bib41])^. CAVATAS reported periprocedural event rates of 10% in both the endovascular and surgical treatment groups which were notably higher than NASCET and ECST. There was no significant difference in post-procedural ipsilateral strokes between the two treatment groups after a median follow-up of five years (11.3% endovascular vs 8.6% CEA).^[@bib43])^.

Three randomised trials were conducted subsequently comparing CEA to CAS in symptomatic patients; The Stent-Protected Angioplasty versus Carotid Endarterectomy (SPACE; *n* = 1214) study; Endarterectomy Versus Angioplasty in patients with Symptomatic Severe carotid Stenosis (EVA-3S; *n* = 527) trial; and the International Carotid Stenting Study (ICSS; *n* = 1713).^[@bib44]--[@bib49])^. In addition, subgroup analyses of symptomatic patients from the Stenting and Angioplasty with Protection in Patients at High Risk for Endarterectomy (SAPPHIRE) trial and Carotid Revascularization Endarterectomy versus Stenting Trial (CREST), which included symptomatic and asymptomatic participants, have been reported.^[@bib50]--[@bib53])^. In four of these five trials, CAS was performed by interventionalists (either cardiologists or interventional radiologists) whereas in ICSS CAS was performed by a combination of both interventionalists and vascular surgeons. The credentialing requirements for physicians and surgeons differed across the trials.^[@bib42])^. As with many interventional trials, recruiting collaborators with a high level of experience is challenging, particularly when the efficacy and safety of the procedure have not yet been established. The use of embolicprotection devices was low in the SPACE trial, however this increased to between 72--100% in the subsequent four trials.^[@bib46]--[@bib48],\ [@bib52])^. Data from these trials and other studies demonstrate lower procedural stroke rates when embolic-protection devices are used.^[@bib54]--[@bib57])^.

The 30-day peri-procedural event rates reported in these trials ranged from 3.9% to 9.3% in patients allocated CEA, and 2.1% to 9.6% in patients allocated CAS (**[Table 2](#T2){ref-type="table"}**). Three of the five trials reported similar periprocedural event rates between the procedures (SAPPHIRE, SPACE, CREST) whereas two of the trials reported significantly lower event rates for CEA compared to CAS (EVA-3S, ICSS; **[Table 2](#T2){ref-type="table"}**). Importantly, EVA-3S and ICSS reported over 70% use of embolic protection devices within stenting procedures. Overall, current evidence suggests that CAS has a higher procedural stroke rate, dominated by non-disabling strokes, which is partially offset by a small yet significantly higher risk of procedural myocardial infarction with CEA.^[@bib58])^.

###### Randomised clinical trials comparing carotid endarterectomy to carotid stenting in patients with carotid artery stenosis.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Trial                 Recruitment   *n*    Follow-up                                         Procedural Hazards                 Long-Term Stroke Rate                                                                                                                                                            
  --------------------- ------------- ------ ------------------------------------------------- ---------------------------------- ----------------------- ------- -------------------------------------- ------------------------------------------------------------------------------- ------------ ------------ --------------------------------------
  Symptomatic                                                                                                                                                                                                                                                                                                      

  CAVATAS               1992--1997    504    Median 5 years                                    30d disabling stroke & death       5.9%                    6.4%    N.S.                                   Any stroke & periprocedural death                                               23.5%        29.7%        n.s.

  SAPPHIRE (subgroup)   2000--2002    96     78% at 3 years[\*](#tf2){ref-type="table-fn"}     30d MI, stroke, death              9.3%                    2.1%    0.18                                   Periprocedural MI, stroke, death & post-procedural ipsilateral stroke & death   21.7%        32.0%        N.R.

  EVA-3S                2000--2005    527    Median 3.5 years                                  30d stroke & death                 3.9%                    9.6%    0.01                                   Periprocedural stroke, death, & post-procedural ipsilateral stroke              6.2%         11.1%        0.03

  SPACE-1               2001--2006    1214   2 years                                           30d ipsilateral stroke & death     6.5%                    6.9%    0.09^[†](#tf3){ref-type="table-fn"}^   Periprocedural stroke, death, & post-procedural ipsilateral stroke              8.8%         9.5%         0.62

  ICSS                  2001--2008    1713   Median 4.2 years                                  30d procedural MI, stroke, death   4.0%                    7.4%    0.003                                  Fatal or disabling stroke                                                       6.5%         6.4%         0.77

  CREST-1 (subgroup)    2000--2008    1321   Median 7.4 years[\*](#tf2){ref-type="table-fn"}   30d MI, stroke, death              5.4%                    6.7%    n.s.                                   Periprocedural MI, stroke, death & postprocedural ipsilateral stroke            5y: 8.7%\    5y: 9.0%\    0.40
                                                                                                                                                                                                                                                                                         10y: 9.8%    10y: 13.4%   

                                                                                                                                                                                                                                                                                                                   

  Asymptomatic                                                                                                                                                                                                                                                                                                     

  SAPPHIRE (subgroup)   2000--2002    237    78% at 3 years[\*](#tf2){ref-type="table-fn"}     30d MI, stroke, death              10.2%                   5.4%    0.20                                   Periprocedural MI, stroke, death & post-procedural ipsilateral stroke, death    29.2%        21.4%        N.R.

  CREST-1 (subgroup)    2000--2008    1181   Median 7.4 years[\*](#tf2){ref-type="table-fn"}   30d MI, stroke, death              3.6%                    3.5%    n.s.                                   Periprocedural MI, stroke, death & postprocedural ipsilateral stroke            5y: 5.4%\    5y: 6.1%\    0.95
                                                                                                                                                                                                                                                                                         10y: 10.1%   10y: 9.6%    

  ACT I                 2005--2013    1453   Up to 5 years                                     30d MI, stroke, death              2.6%                    3.3%    0.60^[†](#tf3){ref-type="table-fn"}^   Post-procedural ipsilateral stroke                                              2.7%         2.2%         0.51^[†](#tf3){ref-type="table-fn"}^

  SPACE-2               2009--2014    513    Ongoing                                           30d stoke, death                   1.97%                   2.54%   N.R.                                   Periprocedural stroke, death & post-procedural ipsilateral stroke                            Pending      
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CEA, carotid endarterectomy; CAS, carotid artery stenting; MI, myocardial infarction; N.R., not reported; n.s., not significant; CAVATAS, Carotid And Vertebral Artery Transluminal Angioplasty Study; SAPPHIRE, Stenting and Angioplasty with Protection in Patients at High Risk for Endarterectomy; EVA-3S, Endarterectomy versus Angioplasty in Patients with Symptomatic Severe Carotid Stenosis; SPACE, Stent-supported Percutaneous Angioplasty of the Carotid artery versus Endarterectomy; ICSS, International Carotid Stenting Study; CREST, Carotid Revascularization Endarterectomy vs Stenting Trial; ACT, Asymptomatic Carotid Trial.

For combined sample of trial participants (symptomatic and asymptomatic)

*p*-value for non-inferiority

Four of the five trials demonstrated similar longterm stroke rates between CEA and CAS (**[Table 2](#T2){ref-type="table"}**). Long-term event rates ranged from 6.2% to 32.0% however were largely influenced by variations in outcome definitions and differences in the length of follow-up. The EVA-3S trial reported lower rates of ipsilateral stroke in patients allocated CEA (6.2% CEA vs 11.1% CAS; *p* = 0.03), mainly attributable to higher periprocedural events in the stenting group.

A pre-specified individual patient-level data meta-analysis was conducted by the Carotid Stenting Trialists′ Collaboration (CSTC) to clarify the perioperative hazards of CEA compared to CAS, and explore subgroup variations. The CSTC demonstrated that in a combined sample of 3433 randomised participants, individuals allocated to CEA had a significantly lower risk of short-term events (any stroke or death within 120 days) compared to those allocated CAS (risk ratio for CAS 1.53 \[95% CI 1.20--1.95\], *p* = 0.0006).^[@bib59])^. Importantly, the collaborative group identified that CEA was safe in patients aged over 70 years, whereas the perioperative hazards of CAS increased with age.^[@bib60])^.

CEA vs CAS for Asymptomatic Carotid Stenosis
============================================

Results have now emerged for the comparison of CEA and CAS in asymptomatic patients. The Asymptomatic Carotid Trial-1 (ACT I) recruited and randomised 1453 asymptomatic patients to CEA and CAS in a 1:3 ratio.^[@bib61])^. In addition, subgroup analyses have been reported for the CREST trial (1181 asymptomatic patients) and the SAPPHIRE trial (237 high risk asymptomatic patients).^[@bib50]--[@bib53])^. The larger Asymptomatic Carotid Surgery Trial-2 (ACST-2) is currently recruiting and will randomise 3600 patients by the end of 2019.^[@bib62])^.

Neither ACT I or the asymptomatic subgroup of CREST demonstrated a difference in composite periprocedural events between CEA and CAS.^[@bib53],\ [@bib61])^. In ACT I, the rates of stroke, myocardial infarction, or death were 2.6% in the CEA group and 3.3% in the CAS group (*p* = 0.60), with a non-significantly higher rate of minor periprocedural strokes in the CAS group (2.4% CAS vs 1.1% CEA, *p* = 0.20). In CREST, the periprocedural hazards were 3.6% in the CEA group and 3.5% in the CAS group. Consideration of all CREST participants (symptomatic & asymptomatic) also suggested that patients allocated CAS had a higher periprocedural stroke rate, but a lower periprocedural myocardial infarction rate compared to those allocated CEA. Whether these two events can be considered comparable has been a topic of ongoing discussion.

One of the main findings of ACT I and CREST was that the long-term stroke rates among asymptomatic patients were much lower than in other carotid surgery trials. The CREST trial demonstrated 10-year stroke rates of 10.1% in asymptomatic patients randomised to CEA compared to 9.6% in those randomised to CAS (*p* = 0.95). Similarly, ACT I demonstrated 5-year post-procedural stroke rates of 2.7% in the CEA group and 2.2% in the CAS group. The small asymptomatic subgroup in SAPPHIRE demonstrated high 3-year stroke rates of 29.2% and 21.4% in patients allocated CEA and CAS, respectively, consistent with their high risk inclusion criteria. These trials reported relatively wide confidence intervals and may not have been powered to detect moderate but clinically meaningful differences between CEA and CAS.

Given the relatively low background stroke rates in patients with asymptomatic carotid stenosis, large trials are required to minimise the impact of random error and reveal meaningful differences in treatment effects. The ACST-2 trial has currently recruited over 2400 participants and will complete recruitment of 3600 asymptomatic carotid stenosis patients by the end of 2019.^[@bib62])^. This trial, along with an individual patient data meta-analysis with ACT I, SPACE-2 and CREST-1, will clarify the best interventional management for patients with asymptomatic carotid stenosis.

Carotid Intervention vs Contemporary Medical Therapy for Carotid Stenosis
=========================================================================

Since the early carotid surgery trials comparing CEA to medical therapy alone, there have been major improvements in cardiovascular risk-reduction medications. Most patients with carotid stenosis now receive triple medical therapy, including a statin, antiplatelet agent, and blood pressure-lowering therapy.^[@bib63])^. These effective medications, in particular statins, appear to modify carotid plaque composition, with a reduction in features associated with plaque instability.^[@bib64]--[@bib66])^. Large randomised trials and collaborative meta-analyses demonstrate that a 1 mmol/L reduction in LDL-cholesterol from statin therapy reduces the 5-year risk of stroke by about one quarter in patients with vascular disease.^[@bib67]--[@bib69])^. Furthermore, allocation to statin therapy in the Heart Protection Study was associated with a 50% reduction in the rate of CEAs.^[@bib68])^. In line with these advances, stroke rates among people with asymptomatic carotid stenosis who are managed conservatively have steadily declined since the original trials in the 1980s and 90s.^[@bib36])^. Importantly, the procedural risks of CEA and CAS have also declined, due to improvements in devices, technical experience, and medical therapy.^[@bib38],\ [@bib70])^. This trend was particularly apparent in ACST-1 where statin therapy was associated with a halving in periprocedural stroke risk.^[@bib31],\ [@bib32])^. Given the significant improvements in contemporary medical therapy and safety of carotid procedures, there is renewed uncertainty as to whether intervention plus medical therapy, or medical therapy alone, is best in patients with asymptomatic carotid stenosis. CREST-2 (target = 2480 participants), ECST-2 (target = 2000 participants), and ACTRIS (target = 700 participants) are currently recruiting and randomising patients to clarify this uncertainty, with results expected in the early 2020s. SPACE-2 began recruiting patients in 2009 however closed early after recruiting 513 participants.^[@bib71])^. Together these trials will provide reliable evidence from over 5000 randomised patients to better inform the management of carotid stenosis.

Though previous trials have largely been conducted in Europe and North America, it is particularly important that ongoing and future carotid trials recruit patients from other regions of the world such as Asia and Australasia. Recruitment of individuals from all over the world would help trials recruit sufficiently large numbers of participants to look for small treatment effects and subgroup differences. In addition, it would allow assessment of potential regional or ethnic variations, or lack thereof, making the evidence uniquely reliable and generalizable.

Issues Specific for Surgery
===========================

When conducting clinical trials of surgical and procedural interventions, there are additional factors to consider such as the performance of the operator, and the quality of anaesthetic and periprocedural care. While CAS can be performed without anaesthesia, CEA requires general or regional anaesthesia which may potentially modify periprocedural stroke risk. The General Anaesthesia versus Local Anaesthesia for carotid surgery (GALA) trial comprising 3526 patients found no significant difference in periprocedural stroke, myocardial infarction, or death among patients randomised to general or regional anaesthesia.^[@bib72])^. A recent non-randomised comparison of anaesthesia in the CREST trial showed that the risk of myocardial infarction among those who received general anaesthesia was twice that of those who received regional anaesthesia, although results were limited to a small sample size with potential for residual confounding.^[@bib73])^.

In the real-world, the choice of anaesthesia is still decided by surgeon and patient preference. Importantly, the method of CEA and choice of carotid device influence the outcomes of carotid interventions. A meta-analysis of 1967 patients from 10 randomised trials demonstrated that patch angioplasty was associated with lower risk of ipsilateral stroke than primary closure during the periprocedural period (odds ratio \[OR\] 0.31, 95% CI 0.15--0.63, *p* = 0.001) and longer term follow-up (OR 0.32, 95% CI 0.16--0.63, *p* = 0.001).^[@bib74])^. Furthermore, a meta-analysis of randomised studies suggested that eversion CEA further reduced the risk of periprocedural stroke compared to patch angioplasty endarterectomy, although the eversion method has been suggested to have a steeper learning curve.^[@bib75],\ [@bib76])^. For CAS, embolic protection devices, carotid flow reversal, and refined stent devices have been suggested to reduce procedural stroke risk, although there is a paucity of head-to-head randomised studies.^[@bib77],\ [@bib78])^. More large-scale, head-to-head randomised comparisons are needed to clarify the optimal method of anaesthesia, surgical technique and carotid stent device system to minimise the procedural hazards of carotid interventions.

Current Guidelines for Carotid Interventions
============================================

Many guidelines have been published on the procedural management of symptomatic and asymptomatic car otid stenosis. Here we summarise recommendations from four large international bodies.^[@bib79]--[@bib82])^.

Symptomatic Carotid Stenosis
============================

The American College of Cardiology (ACC)/American Heart Association (AHA), Society for Vascular Surgery (SVS), European Society for Vascular Surgery (ESVS), and European Society of Cardiology (ESC) carotid artery disease guidelines recommend CEA as first line interventional management for patients with symptomatic carotid stenosis (**[Table 3](#T3){ref-type="table"}** and **[Table 4](#T4){ref-type="table"}**). All four guidelines support CEA in symptomatic patients with non-occluding carotid stenosis ≥ 70%. ACC/AHA also support CEA in patients with 50--69% stenosis on catheter angiography; ESVS tentatively support CEA in patients with 50--69% stenosis; and ESC state that the decision for CEA in those with 50--69% stenosis should be guided by patient factors. Current guidelines do not recommend intervention in symptomatic patients with stenosis \< 50%. ACC/AHA and ESVS guidelines suggest that anticipated perioperative stroke and death rates should be less than 6% according to the operator\'s experience, and all four guidelines recommend carotid intervention be performed within 2 weeks of the onset of neurological symptoms.

###### Guideline based recommendations for carotid endarterectomy.

                 ACC/AHA guidelines (2011)^[@bib79])^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             SVS guidelines (2011)^[@bib82])^                                                                                                                                                                                                                                                                                                                   ESVS guidelines (2009)^[@bib81])^                                                                                                                                                                                                                                                                                                                                  ESC guidelines (2011)^[@bib80])^
  -------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Symptomatic    Patients at average or low surgical risk who experience nondisabling ischemic stroke or transient cerebral ischemic symptoms, including hemispheric events or amaurosis fugax, within 6 months (symptomatic patients) should undergo CEA if the diameter of the lumen of the ipsilateral internal carotid artery is reduced more than 70% as documented by noninvasive imaging \[**class I; level of evidence A**\] or more than 50% as documented by catheter angiography \[**class I; level of evidence B**\] and the anticipated rate of perioperative stroke or mortality is less than 6%.   In the majority of patients with carotid stenosis who are candidates for intervention, CEA is preferred to CAS for reduction of all cause stroke and periprocedural mortality. \[**grade I; level of evidence B**\] Data from CREST suggest that patients \< 70 years of age may be better treated by CAS. These data need further confirmation.   The operative treatment of carotid disease is absolutely indicated in symptomatic patients with \> 70% (NASCET) stenosis and probably with \> 50% (NASCET) stenosis. The perioperative stroke/death rate should be \< 6%. \[**level of evidence A**\]                                                                                                              In patients with symptomatic 70--99% stenosis of the internal carotid artery, CEA is recommended for the prevention of recurrent stroke. \[**class I; level of evidence A**\] In patients with symptomatic 50--69% stenosis of the internal carotid artery, CEA should be considered for recurrent stroke prevention, depending on patient-specific factors. \[**class IIa; level of evidence A**\]
  Asymptomatic   Selection of asymptomatic patients for carotid revascularization should be guided by an assessment of comorbid conditions, life expectancy, and other individual factors and should include a thorough discussion of the risks and benefits of the procedure with an understanding of patient preferences. \[**class I; level of evidence C**\] It is reasonable to perform CEA in asymptomatic patients who have more than 70% stenosis of the internal carotid artery if the risk of perioperative stroke, MI, and death is low. \[**class IIa; level of evidence A**\]                        Neurologically asymptomatic patients with equal or \> 60% diameter stenosis, should be considered for CEA for reduction of long-term risk of stroke provided the patient has a 3- to 5-year life expectancy and perioperative stroke/death rates can be equal to or \< 3%. \[**grade I; level of evidence A**\].                                   CEA can be recommended for asymptomatic men below 75 years with 70--99% stenosis if the risk associated with surgery is less than 3%. \[**level of evidence A**\] The benefit from CEA in asymptomatic women with carotid stenosis is significantly less than in men. CEA should therefore be considered only in younger, fit women. \[**level of evidence A**\]   In asymptomatic patients with carotid artery stenosis ≥ 60%, CEA should be considered as long as the perioperative stroke and death rate for procedures performed by the surgical team is \< 3% and the patient\'s life expectancy exceeds 5 years. \[**class IIa; level of evidence A**\]

ACC, American College of Cardiology; AHA, American Heart Association; SVS, Society for Vascular Surgery; ESVS, European Society for Vascular Surgery; ESC, European Society for Cardiology; CEA, carotid endarterectomy; CAS, carotid artery stenting; MI, myocardial infarction; CREST, Carotid Revascularization Endarterectomy versus Stenting Trial; NASCET, North American Symptomatic Carotid Endarterectomy Trial. Class and grade indicate the strength of the recommendation.

###### Guideline based recommendations for carotid stenting.

                 ACC/AHA guidelines (2011)^[@bib79])^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 SVS guidelines (2011)^[@bib82])^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              ESVS guidelines (2009)^[@bib81])^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            ESC guidelines (2011)^[@bib80])^
  -------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Symptomatic    CAS is indicated as an alternative to CEA for symptomatic patients at average or low risk of complications associated with endovascular intervention when the diameter of the lumen of the internal carotid artery is reduced by more than 70% as documented by noninvasive imaging or more than 50% as documented by catheter angiography and the anticipated rate of periprocedural stroke or mortality is less than 6%. \[**class I; level of evidence B**\] It is reasonable to choose CAS over CEA when revascularization is indicated in patients with neck anatomy unfavorable for arterial surgery. \[**class IIa; level of evidence B**\]   CAS is preferred over CEA in symptomatic patients with ≥ 50% stenosis and prior ipsilateral operation, tracheal stoma, external beam irradiation resulting in fibrosis of the tissues of the ipsilateral neck, or prior cranial nerve injury and lesions that extend proximal to the clavicle or distal to the C2 vertebral body. \[**grade II; level of evidence B**\] CAS is preferred over CEA in symptomatic patients with ≥ 50% stenosis and severe uncorrectable CAD, CHF, or COPD. \[**grade II; level of evidence C**\]                                                                                                                               The available level I evidence suggests that for symptomatic patients, surgery is currently the best option. \[**level of evidence A**\] CAS should be offered to symptomatic patients, if they are at high risk for CEA, in high-volume centres with documented low peri-procedural stroke and death rates or inside an RCT. \[**level of evidence C**\]                                                                                                                                                                                                                    In symptomatic patients at high surgical risk requiring revascularization, CAS should be considered as an alternative to CEA. \[**class IIa; level of evidence B**\] In symptomatic patients requiring carotid revascularization, CAS may be considered as an alternative to CEA in high-volume centres with documented death or stroke rate \< 6%. \[**class IIa; level of evidence B**\]
  Asymptomatic   Prophylactic CAS might be considered in highly selected patients with asymptomatic carotid stenosis (minimum 60% by angiography, 70% by validated Doppler ultrasound), but its effectiveness compared with medical therapy alone in this situation is not well established. \[**class IIb; level of evidence B**\]                                                                                                                                                                                                                                                                                                                                   There are insufficient data to recommend CAS as primary therapy for neurologically asymptomatic patients with 70% to 99% diameter stenosis. Data from CREST suggest that in properly selected asymptomatic patients, CAS is equivalent to CEA in the hands of experienced interventionalists. Operators and institutions performing CAS must exhibit expertise sufficient to meet the previously established American Heart Association guidelines for treatment of patients with asymptomatic carotid stenosis. Specifically, the combined stroke and death rate must be below 3% to ensure benefit for the patient. \[**grade II; level of evidence B**\]   It is advisable to offer CAS in asymptomatic patients only in high-volume centres with documented low peri-procedural stroke and death rates or within well-conducted clinical trials. \[**level of evidence C**\] CAS is indicated in case of contralateral laryngeal nerve palsy, previous radical neck dissection, cervical irradiation, with prior CEA (restenosis), with high bifurcation or intracranial extension of a carotid lesion, provided that the peri-interventional stroke or death rate is higher than that accepted for CEA. \[**level of evidence C**\]   In asymptomatic patients with an indication for carotid revascularization, CAS may be considered as an alternative to CEA in high-volume centres with documented death or stroke rate \< 3%. \[**class IIb; level of evidence B**\]

ACC, American College of Cardiology; AHA, American Heart Association; SVS, Society for Vascular Surgery; ESVS, European Society for Vascular Surgery; ESC, European Society for Cardiology; CAS, carotid artery stenting; CEA, carotid endarterectomy; CAD, coronary artery disease; CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; CREST, Carotid Revascularization Endarterectomy versus Stenting Trial; RCT, randomised clinical trial. Class and grade indicate the strength of the recommendation.

Current guidelines support a Primary CAS approach in symptomatic patients who are of 'high surgical risk' (**[Table 4](#T4){ref-type="table"}**). This is defined by ACC/AHA and SVS to include unfavourable neck anatomy, as well as severe medical comorbidities in the SVS guidelines (severe uncorrectable coronary heart disease, heart failure, chronic obstructive pulmonary disease). High surgical risk is not clearly defined in the ESVS and ESC guidelines. Primary CAS is also supported by ESVS and ESC in the setting of a high volume centre with low periprocedural stroke and death rates (\< 6%).

Asymptomatic Carotid Stenosis
=============================

Current guidelines for asymptomatic carotid interventions are less well defined. ACC/AHA, SVS, ESVS and ESC suggest consideration of CEA in asymptomatic patients with reasonable life expectancy, provided the risks of perioperative events are low (\< 3%; **[Table 3](#T3){ref-type="table"}**). There is similar disagreement around the minimum carotid artery diameter reduction for which CEA should be considered, with SVS and ESC supporting a threshold of \> 60% stenosis, and ACC/AHA and ESVS supporting a threshold of \> 70% stenosis.

Recommendations for CAS in asymptomatic patients are also conflicting. ESVS and ESC state that CAS may be considered as an alternative to CEA for asymptomatic patients in high volume centres with low perioperative stroke and death rates (\< 3%; **[Table 4](#T4){ref-type="table"}**). ACC/AHA and SVS do not provide clear indications for asymptomatic CAS, stating that primary CAS should be used in "highly selected" asymptomatic patients, or that there is insufficient data to recommend it.

Current guidelines do not consider the possibility of regional heterogeneity, and guidelines from Asian countries such as Japan refer largely to evidence from European and American studies.^[@bib83])^. Insight may be gained from country-specific studies, for example a Japanese single-centred observational study demonstrated remarkably low periprocedural stroke rates (0.68%) and annual stroke rates (0.64%) for CEA in asymptomatic patients.^[@bib84])^. It is hoped that future Japanese studies will reciprocate the benefits and safety of carotid interventions reported in large European and American trials.

Conclusion
==========

There is reliable clinical evidence to support the use of carotid interventions in specific populations with carotid stenosis. These interventions provide a clear benefit in terms of stroke risk reduction for selected individuals with symptomatic and asymptomatic disease. If the current trials comparing a carotid procedure vs no procedure in the current era of good medical therapy with statins, anti-thrombotics and anti-hypertensives confirm the ACST-1 finding of additional benefit from a procedure then, throughout the 2020s and beyond, the key question will be which procedure to recommend. ACST-2 and an IPD meta-analysis including over 6000 patients will provide uniquely reliable results in 2020 to help guide clinical practice for the next decade. It is essential that we continue to recruit large numbers of patients from different geographical regions, to provide reliable evidence that is generalizable to all countries of the world.
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